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Nucleotide  sugars,  the  activated  forms  of  monosaccharides,  are  important  metabolites  involved  in  a mul-
titude of cellular  processes  including  glycosylation  of xenobiotics.  Especially  in  plants,  UDP-glucose  is  one
of the  most  prominent  members  among  these  nucleotide-sugars,  as  it is involved  in the  formation  of  glu-
cose  conjugates  of  xenobiotics,  including  mycotoxins,  but  also  holds  a central  role  in the  interconversion
of  energized  sugars  such  as  the  formation  of  UDP-glucuronic  acid required  for cell  wall  biosynthesis.  Here,
we  present  the  ﬁrst  HILIC–LC–ESI-TQ–MS/MS  method  for  the  quantiﬁcation  of  UDP-glucose  and  UDP-
glucuronic  acid together  with  the Fusarium  toxin  deoxynivalenol  (DON)  and  its  major  plant  detoxiﬁcation
product  DON-3-O-glucoside  (DON-3-Glc)  utilizing  a polymer-based  column.  For  sample  preparation  a
time-effective  and straightforward  ‘dilute  and  shoot’  protocol  was  applied.  The  chromatographic  run  time
was  minimized  to 9 min  including  proper  column  re-equilibration.  In-house  validation  of  the method  ver-
iﬁed its linear  range,  intra-  (1–7%)  and  interday  (8–20%)  precision,  instrumental  LODs  between  0.6 and
10  ng  mL−1,  selectivity  and  moderate  matrix  effects  with  mean  recoveries  of  85–103%. To  prove  the  meth-
ods  applicability,  we analyzed  two sets  of  wheat  extracts  obtained  from  different  cultivars  grown  under
standardized  greenhouse  conditions.  The  results  clearly  demonstrated  the  suitability  of  the  developed
method  to quantify  UDP-glucose,  DON  and its  masked  form  D3G  in  diluted  wheat  extracts.  We  observed
differing  concentration  levels  of UDP-glucose  in  the  two wheat  cultivars  showing  different  resistance  to
the severe  plant  disease  Fusarium  head  blight.  We  propose  that  the  higher  ability  to  detoxify  DON  into
DON-3-Glc  might  be a consequence  of  the higher  cellular  UDP-glucose  pool  in  the  resistant  cultivar.
ublis© 2016  The  Authors.  P
. Introduction
Nucleotide sugars, the activated forms of monosaccharides, are
mportant metabolites particularly in plants as they are essential
n sucrose and starch interconversion, biosynthesis of cell wall car-
ohydrate polymers and metabolic regulatory processes such as
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ascorbate biosynthesis and redox homeostasis. Within the family
of nucleotide sugars, uridine diphosphate--d-glucose (UDP-Glc)
is one of the most prominent members as it is involved in gly-
cosyltransferase reactions for detoxiﬁcation of endogenous plant
metabolites as well as xenobiotics and holds a central role in
interconversions of energized sugars [1]. UDP-Glc is used for the
formation of UDP--d-glucuronic acid (UDP-GlcA) which serves
as precursor for many cell wall polysaccharides. Products derived
from the precursor UDP-GlcA contribute up to 50% of Arabidopsis
thaliana cell wall material. While a second biosynthetic pathway
for UDP-GlcA biosynthesis exists (via oxidation of myo-inositol
into glucuronic acid), the conversion of UDP-Glc into UDP-GlcA via
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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DP-glucose dehydrogenase can fully compensate the loss of the
yo-inositol oxygenase activity [2] emphasising the importance of
DP-Glc as the major precursor of UDP-GlcA [3].
For the detection of sugar nucleotides many chromatographic
ethods have been developed based on principles such as ion
xchange chromatography or reversed phase liquid chromatogra-
hy [4]. However, issues such as co-elution, limited stability due
o eluents with extreme pH values or long run times hampered
hese methods frequently [5,6]. A major issue of ion exchange chro-
atography is the incompatibility of the used eluents containing
levated salt concentrations for electrospray ionization. Reversed
hase chromatography is hardly suited to separate highly polar
ugar nucleotides and charged nucleotides [7]. Due to its enhanced
electivity and sensitivity, mass spectrometric detection becomes
ncreasingly important, substituting UV detection [8]. Zhou et al. [9]
sed a bare titania column with UV detection to separate of a set
f nucleotides including UMP, UDP, UTP and their intermediates
DP-Glc and UDP-GlcNAc. Pabst et al. [8] successfully separated
ucleotides and nucleotide sugars including UDP-sugars by porous
raphitic carbon (PGC) based chromatography utilizing mass spec-
rometric detection. In their work UDP-Glc was directly determined
n A. thaliana and tobacco leaves, however, the authors reported
ssues with retention time stability probably due to redox reac-
ions involving the stationary phase. Behmüller et al. [10] recently
eveloped a method also based on a PGC column coupled to an
rbitrap mass spectrometer via electrospray ionization following
olid phase extraction to determine UDP-sugar levels in A. thaliana
xtracts. The problem of instable retention times was overcome
n this method by electrical grounding of the column efﬂuent and
ptimized column regeneration using triﬂuoroacetic acid. Also Gar-
ia et al. [11] reported separation of sugar nucleotides including
DP-Glc on a PGC column.
Hydrophilic interaction chromatography (HILIC), which enableshe separation of small, hydrophilic, highly polar, and mostly
harged compounds, has become an increasingly attractive sep-
ration technique during the last two decades [12,13]. Since this
hromatographic mode typically utilizes mobile phases with a highhe investigated analytes.
content of organic solvents and a limited concentration of volatile
salts such as ammonium acetate or formate, the connection with
electrospray ionization mass spectrometry is highly feasible [14].
HILIC columns have also been used for the separation of nucleosides
[15], nucleotides [16,17] and nucleotide sugars [6,18]. However, no
methods for the separation of nucleotide-sugars in general or UDP-
glucose or UDP-glucuronic acid in particular using the favorable
polymer-based ZIC-pHILIC column are reported so far to the best
knowledge of the authors.
As mentioned, UDP-Glc is involved as a co-substrate in the
detoxiﬁcation process of xenobiotics by the large family of UDP-
glycosyltransferases (UGTs) with 100 to 180 members in different
plant species [19]. A well-known example of such a detoxiﬁcation
by glycosylation is the conversion of the trichothecene mycotoxin
deoxynivalenol (DON) to the less toxic DON-3-Glc (see Fig. 1),
which was  shown to be involved in the resistance of wheat (Tri-
tium aestivum) against the fungal pathogen Fusarium graminearum
[20]. Glycosylation converts DON into a glucoside that is unable
to inhibit protein biosynthesis at the ribosomes and is regarded as
non-toxic for plants [21]. Other examples for inactivated endoge-
nous plant metabolites are for example cyanogenic glucosides [22]
as well as glycoside conjugates of hormones or ﬂavonoids [23].
To investigate the UGT derived DON detoxiﬁcation processes
in more detail, we  aimed to develop an analytical method capa-
ble to quantify the key analytes involved in these processes. Since
hydrophilic interaction chromatography bears great promise for
the analysis of hydrophilic metabolites including nucleotides [18]
the objective of this work was to develop and validate a ‘dilute and
shoot’ HILIC–LC–MS/MS method enabling the accurate and direct
quantiﬁcation of UDP-Glc, UDP-GlcA, DON and DON-3-Glc.
2. Experimental2.1. Chemicals
Methanol (LC gradient grade) and glacial acetic acid (p.a.) were
obtained from Merck (Darmstadt, Germany), acetonitrile (ACN; LC
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radient grade) from VWR  (Leuven, Belgium). Ammonium acetate
MS  grade) was from Sigma-Aldrich (Vienna, Austria). Water was
uriﬁed using an Elga Purelab ultra analytic system (Veolia Water,
uckinghamshire, UK). Analytical reference standards of the ana-
ytes of interest were purchased from Sigma (Vienna, Austria;
DP-glucoside, UDP-glucuronide) or Romerlabs Diagnostic GmbH
Tulln, Austria; DON, DON-3-Glc). DON for the treatment of plants
as produced and puriﬁed according to Altpeter et al. [24]. Solid
tandard substances were dissolved in water, methanol or a mix-
ure of those and stored at −20 ◦C. A combined standard working
olution was prepared at a concentration of 10 mg  L−1 (UDP-Glc,
DP-GlcA, DON) or 2 mg  L−1 (DON-3-Glc) for the generation of cal-
bration curves and spiking experiments.
.2. LC–MS/MS instrumentation and parameters
Detection and quantiﬁcation of analytes was performed on
 4000 QTrap® LC–MS/MS system (AB Sciex, Foster City, CA)
quipped with a TurboIonSpray ionization (ESI) source. Chro-
atographic separation was performed on an 1290 series UHPLC
ystem (Agilent, Waldbronn, Germany) using a polymer-based
IC®-pHILIC column, 2.1 × 100 mm with 5 m particle size (Merck,
armstadt, Germany) and an appropriate security guard cartridge
HILIC 4 × 2.0 mm,  Phenomenex, Torrance, CA). Eluent A was water
hile eluent B was ACN/water (96 + 4 (v/v)), both containing 20 mM
mmonium acetate. To minimize carry over only a volume of 2 L
as injected onto the LC–MS/MS system and the injection needle
as purged for 7 s with a suitable washing solution (ACN/water
25 + 75 (v/v))). After an initial time period of 0.5 min  at 90% B, the
ercentage of B was linearly decreased to 60% until minute 2.5 and
eld for 2.5 min. Then, eluent B was raised to 90% until min  6.0 fol-
owed by subsequent 3.0 min  column re-equilibration at 90% B. The
ow rate was set to 500 L min−1 and the temperature of the col-
mn  department was maintained at 25 ◦C. ESI-MS/MS was done in
egative selected reaction monitoring (SRM) mode. Two individual
ransitions were monitored per analyte with the following settings:
ource temperature 500 ◦C, curtain gas 10 psi (69 kPa of max. 99.5%
itrogen), ion source gas 1 (sheath gas) 50 psi (345 kPa of nitro-
en), ion source gas 2 (drying gas) 50 psi (345 kPa of nitrogen), ion
pray voltage −4500 V, collision gas (nitrogen) high. The optimiza-
ion of the analyte dependent MS/MS  parameters was performed
ia direct infusion of reference standards.
.3. Validation experiments
An in-house validation of the developed method was  carried out
nd the parameters (a) linear range, (b) precision, (c) recovery, (d)
electivity, and (e) sensitivity were investigated. Intra- and inter-
ay precision as well as the recovery of analytes were evaluated by
easurements of a wheat extract mixture spiked with the standard
orking solution at three concentration levels: Low (75 ng mL−1),
iddle (225 ng mL−1) and high (750 ng mL−1). For DON-3-Glc the
oncentrations were a factor of ﬁve lower. The wheat extract mix-
ure consisted of each three wheat extracts from the two cultivars
sed in this study harvested at the time point zero to consti-
ute the most representative sample material (aggregate wheat
ample). To verify robust recoveries when using different sample
aterial, additionally the individual wheat cultivars (‘Remus’ and
CM-82036’) and a barley extract were spiked in triplicate at the
igh level.
The spiking experiments utilizing the wheat aggregate sam-
le were performed in triplicate and at three different days over period of ten weeks. Intra- (n = 9) and interday (n = 27) pre-
ision were expressed as the relative standard deviation of the
btained recoveries for each metabolite. The selectivity of the cho-
en product ions was evaluated throughout method developmentA 1423 (2016) 183–189 185
and validation and was  continued during the application of the
method to wheat extracts.
Calibration curves (1/x weighted) were constructed from peak
areas of the reference standards versus their concentrations. Each
calibration was carried out at seven concentration levels covering
three orders of magnitude. For UDP-Glc, UDP-GlcA and DON  the cal-
ibration range was 3–1000 ng mL−1, while it was 0.6–200 ng mL−1
for DON-3-Glc. All calculations were carried out using the Analyst®
software version 1.6.2 (AB Sciex). The instrumental limit of detec-
tion (LOD) and limit of quantiﬁcation (LOQ) values were calculated
by the according Analyst script based on a signal to noise ratio of
3:1 and 10:1, respectively, in the reference standard closest to the
corresponding value.
2.4. Samples
The wheat samples used to demonstrate the applicability of
the developed method originated from two spring wheat culti-
vars: ‘Remus’ which is sensitive toward the Fusarium head blight
disease and the toxic effects of DON and ‘CM-82036’ which is
highly resistant. The experiment presented herein was  part of a
larger metabolomics study to investigate the effect of F. gramin-
earum and DON on wheat [25,26] and led also to the discovery of
the sulfur related DON detoxiﬁcation products DON-GSH [27] and
DON-sulfates [28].
Brieﬂy, ﬂowering wheat ears were treated either with DON
(5 g L−1 in water), a F. graminearum spore suspension (strain IFA65,
10,000 macroconidia mL−1), or with water as a control (mock)
treatment and were harvested immediately (time point zero), and
48 h or 96 h after treatment. Harvested plant material was  shock
frozen with liquid nitrogen rapidly. Plants were grown, treated,
and harvested under standardized conditions according to the
Metabolomics Standard Initiative (MSI) as described in detail else-
where [26]. Three individual biological replicates of each cultivar,
treatment and time point were analyzed in this study resulting in 54
individual wheat samples in total. Samples were stored at −80 ◦C.
2.5. Sample preparation
The frozen samples were milled individually to ﬁne powder
at 30 Hz using a ball mill (MM301 Retsch, Germany) with liquid
nitrogen pre-cooled stainless steel vessels. The homogenized wheat
ears (100 ± 2 mg  fresh weight) were weighed into Eppendorf tubes
and extracted with 1 mL  of pre-cooled methanol/water (75 + 25
(v/v)) including 0.1% formic acid by vortexing for 10 s and further
treatment in an ultrasonic bath at room temperature for 15 min
(resulting in a dilution of 1:10 (w/v)). Samples were centrifuged
at 8500 × g (10 min, 4 ◦C), and 20 L of the extract were trans-
ferred into a glass vial and diluted with 980 L of methanol/water
(50 + 50 (v/v)) acidiﬁed with 0.1% formic acid resulting in a total
dilution of 1:500 (w/v). In HILIC mode the injection solvent typi-
cally contains only low amounts of water. However, here we chose
methanol/water (50 + 50 (v/v)) with 0.1% formic acid to be uniform
with the other analytical workﬂows established in our lab. Injec-
tion media with mobile phase matched composition (ACN/water
(90 + 10)) have been evaluated and did not result in reduced carry
over or signiﬁcantly better column efﬁciency.
3. Results & discussion
3.1. LC–MS/MS method developmentAutomated optimization of tuning parameters by means of the
Analyst® software was  done for all analytes in negative ioniza-
tion mode to yield two  speciﬁc transitions for quantiﬁcation and
qualiﬁcation for each analyte (Table 1). Typically the two product
186 B. Warth et al. / J. Chromatogr. A 1423 (2016) 183–189
Table 1
Optimized ESI-MS and ESI-MS/MS parameters.
Analyte RT [min] Precursor ion [m/z] Ion species DPa [V] Product ionsb [m/z] Relative intensityc CEb,d [eV] CXPb,e [V]
UDP-glucose 3.2 565.1 [M − H]− −95 323.0/78.9 1.41 −34/−115 −1/−10
UDP-glucuronic acid 3.9 579.1 [M − H]− −95 403.0/78.9 1.25 −34/−115 −9/−10
Deoxynivalenol 0.6 355.2 [M + Ac]− −40 265.2/58.9 4.41 −22/−40 −13/−8
DON-3-glucoside 1.2 517.1 [M + Ac]− −50 427.1/457.1 0.77 −30/−18 −11/−17
a Declustering potential.
b Values are given in the order quantiﬁer ion/qualiﬁer ion.
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ons with the highest signal to noise ratio were selected. A chro-
atogram of a reference standard and a methanolic wheat extract
s displayed in Fig. 2. To avoid the non-favorable use of ion-pairing
eagents, the chromatographic separation was established using
 ZIC®-pHILIC column. This column has a zwitterionic stationary
hase which is covalently linked to organic porous polymer beads.
ohnsen et al. [16] observed that ZIC-pHILIC columns may  provide
etter separations than silica-based ZIC-HILIC columns, thereby
onﬁrming differences in performance and selectivity. Based on the
ehavior of this stationary phase, samples eluted in the reversed
rder of their polarity with the least polar analyte eluting ﬁrst.
he parent toxin DON was included owing to the speciﬁc biologi-
al question for which the method is demonstrated here. Although
he chromatographic retention of DON was rather low, it proved to
e feasible for the intended purpose during the validation process.
ll target analytes were separated in less than 5 min and the total
un time of one analysis was less than 10 min  which is about four
imes faster than other HILIC based LC–MS/MS methods separating
ucleotide sugars [6,18].
Eluent composition was optimized for a combination of
ensitive determination of analytes, adequate chromatographic
ehavior, and the lowest back pressure. During method develop-
ent the effect of the organic content on the mobile phase was
tudied. In addition, the effect of buffer pH was investigated and
evealed that acidiﬁcation with 0.1% acetic acid lead to higher
bsolute signal intensities. However, since the peak shape of all ana-
ytes under investigation was impaired (generally broader peaks),
hereby decreasing the signal to noise ratios, it was  decided to
1,0 2,0 3,0 4,0 5,0
0,0
0,5e4
1,0e4
1,5e4
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ig. 2. SRM-chromatogram of a multi-standard solution containing 1000 ng mL−1 UDP-G
6  h after DON treatment (B).r/quantiﬁer).
omit acidiﬁcation. In HILIC mode the addition of an MS  compatible
salt is especially relevant, hence we tested the effect of different
ammonium acetate concentrations. In agreement with the cur-
rent concept of HILIC, we observed increase analyte retention with
higher salt concentrations. In addition, this was  accompanied by
increased signal intensities and thus a ﬁnal concentration of 20 mM
ammonium acetate was chosen. As stated by the manufacturer,
some percent of water should be maintained in the eluents to
ensure proper hydration of the particles. Besides, weak HILIC sol-
vents are favored for this particular zwitterionic stationary phase,
hence, ACN was the organic solvent of choice.
During method development carry-over of nucleotide-sugars
turned out to require special consideration. In a blank sample
injected following the highest reference standard a carry-over of
about 1% for UDP-Glc and 3% for UDP-GlcA was found. In order to
minimize this problem, we decreased the sample injection volume
to 2 L, purged the injection needle for 7 s with a neat washing
solvent and routinely injected two blank samples before and after
every series of reference standards. Furthermore, the methanolic
wheat extracts were further diluted 1:50 (v/v) resulting in a total
dilution of 1:500 (w/v) to decrease the concentration of UDP-Glc
to a level which still could easily be detected in the investigated
samples.3.2. Method validation
The proposed HILIC–LC–MS/MS method was validated in order
to estimate the linear range, matrix effects, intra- and interday
1,0 2,0 3,0 4,0 5,0
Time [min]
B
DON
DON-3-Glc
UDP-Gl c
lc, UDP-GlcA, and DON as well as 200 ng mL−1 DON-3-Glc (A) and a wheat sample
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Table  2
Performance parameters of the developed method as obtained during in-house validation.
Analyte R2 [coefﬁcient of
determination]
Recoverya [%] Precision intra-
(n = 9)/interday
(n = 27) RSD [%]c
LODd
[ng mL−1]
LOQe
[ng mL−1]
Lowb
(75 ng mL−1)
Middleb
(225 ng mL−1)
Highb
(750 ng mL−1)
UDP-glucose 0.9991 100 105 100 4 16 1 3
UDP-glucuronic acid 0.9959 99 104 107 7 13 10 33
Deoxynivalenol 0.9946 96 100 102 1 8 0.6 2
DON-3-glucoside 0.9987 – 94 75 6 20 0.6 2
a Apparent recovery; determined from the mean of spiked samples at three different levels (n = 9).
b For DON-3-glucoside the spiking concentrations was a factor ﬁve lower.
c Mean relative standard deviation (RSD) from each three determinations at three concentration levels on one day (intraday) or three days (interday).
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e Instrumental LOQ based on a S/N ratio of 10:1.
recision, selectivity, as well as LOD and LOQ values. The results
f the in-house validation are presented in Table 2. The method
roved to be linear over three orders of magnitude and the
oefﬁcients of determination were above 0.9946 for all analytes.
oreover, the method showed instrumental LODs and LOQs in the
ange of 0.6–10 ng mL−1 and 2–33 ng mL−1, respectively, which
as found to be suited for the intended purpose. While in diluted
lant extracts the detection and quantiﬁcation limits are higher
ue to the applied dilution factor, they can still be expected to lie
n a biologically relevant range (see Section 3.3). For comparison
ehmüller et al. [10] obtained LODs of about 40 ng mL−1 for
ucleotide sugars after SPE clean-up using a PGC column and an
rbitrap mass spectrometer. The overall recoveries were between
5% and 107% verifying tolerable matrix effects caused by ion
uppression or enhancement. In addition to the spiked wheat
ggregate sample, recoveries were tested for the two individual
ultivars as well, verifying very similar recoveries between ‘Remus’
range 102–103%) and ‘CM-82036’ (range 100–105%) at the chosen
evel. Although only the application of this method to wheat is
escribed here, we even evaluated the matrix effects of a barley
xtract to additionally verify robust recoveries. Also here we
ielded nearly identical recoveries (range 99–106%) demonstrat-
ng again high tolerance toward different matrix composition. We
oncluded that the recoveries as obtained during the validation
rocess are very robust.
This indicates that the chosen ‘dilute and shoot’ approach was
easible and did not require any further sample preparation step.
lso the intra- and interday precision with RSDs of 1–7% and 8–20%,
espectively, can be regarded as acceptable when taking the fast
nd effective sample preparation into account. For each analyte two
peciﬁc transitions were chosen and the selectivity of the product
ons was conﬁrmed successfully. Table 1 shows the product ions
ith the highest signal to noise ratio. In several cases the most
ntense fragment ion was not the one with the best signal to noise
atio.
.3. Application of the method to plant samples
Previous studies suggest that glycosylation of DON is a rele-
ant component of resistance against Fusarium attack [20,25]. For
ON glycosylation not only the presence of active enzyme is nec-
ssary, but also the availability of the activated sugar co-substrate,
DP-Glc. When DON-inducible glucosyltransferases [21,29] that
onvert DON into DON-3-Glc are highly expressed, UDP-glucose
ight become depleted and limiting for detoxiﬁcation. To test
his hypothesis, we employed the developed method to quan-
ify the UDP-Glc concentrations in wheat ears of susceptible and
esistant wheat cultivars, which were already used in our pre-
ious studies [25,26]. We  compared the two lines after mock
noculation (treatment with water only as a control), treatmentwith the pathogen F. graminearum and after application of the
mycotoxin DON. The measured UDP-Glc concentrations of the
two wheat lines tested in this experiment are presented in Fig. 3A.
No evidence for UDP-Glc depletion following DON treatment
was observed in the susceptible line ‘Remus’. Interestingly, the
resistant wheat line ‘CM-82036’ had about 3-fold higher UDP-Glc
levels at all tested time points. In line with this observation the
conversion of DON to DON-3-Glc is faster and its concentration is
at least 3-fold higher in the resistant cultivar after 48 h (Fig. 3B).
Based on these results obtained no evidence for UDP-Glc depletion
in susceptible wheat was found—obviously the plants can replenish
UDP-glucose, particularly as long as transport of sucrose and con-
version to UDP-Glc by the reverse reaction of sucrose synthase is
possible. Yet, the observed cultivar speciﬁc constitutive differences
may  be highly relevant. Kinetic characterization of some recombi-
nant plant UGTs indicated that the Km (half maximal enzymatic
reaction rate) is rather high. For instance Km values for UDP-
Glc of the Arabidopsis UGTs 71C1 and 71C3 were reported to be
about 836 and 277 M,  respectively [30]. Also Km values of other
enzymes are in this range, e.g. ﬂax UGT74S1 [31] with 1103 M or
the grape ﬂavonoid 3-O-glucosyltransferase VVL 3GT with about
914 M.  A recently characterized DON-conjugating glucosyltrans-
ferase from rice expressed in Escherichia coli has a Km value for
UDP-Glc of even 2,2 mM [29]. The UDP-Glc concentrations deter-
mined in the tested wheat ears (about 120 mg kg−1 in the resistant
cultivar, which showed higher levels compared to the suscepti-
ble cultivar Remus) were clearly lower than the Km values (1 mM
UDP-Glc = 566 mg  kg−1) so that an at least 2-fold difference in the
co-substrate concentration should signiﬁcantly affect the glucosy-
lation rate and thus the detoxiﬁcation capability. In agreement with
our results also Gunnaiah et al. [32] listed UDP-Glc as a metabolite
related to resistance toward the Fusarium head blight disease, with
a fold change of 2.1 after Fusarium inoculation between the studied
resistant and susceptible wheat lines.
The concentration levels detected in our samples are in the same
range as determined in other plant extracts by other analytical
approaches. Behmüller et al. [10] reported UDP-sugar concen-
trations in A. thaliana leaves between approximately 30–40 mg
UDP-Glc kg−1 fresh weight. In wheat data is rare and hardly com-
parable due to different genotypes, developmental stages, and
treatments. Jenner [33] reported UDP-Glc to be the most abun-
dant of all soluble nucleotides in wheat determined by paper
chromatography and electrophoresis. About 330 nmol g−1 fresh
weight, corresponding to about 187 mg  kg−1, were reported in ears
three days after anthesis. This is a concentration similar to the
results we have observed for ‘CM-82036’ although the accuracy
of this paper chromatography derived results should be inter-
preted with caution. More recently, levels of UDP-glucose in wheat
grain development was  determined using a spectrophotometric
method [33] arriving at a level (which was changing during
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tig. 3. Time course of UDP-glucose, DON-3-glucoside, and DON in the wheat cultiv
usarium infection and the toxic effects of DON, has generally higher levels of UDP-
evelopment) of about 150 nmol g−1 fresh weight (corresponding
o about 85 mg  kg−1).
UDP-GlcA was not detected in our samples, probably due to the
igh dilution factor of the wheat extract and the expected lower
oncentrations when compared to UDP-Glc. This presumption
s supported by the UDP-GlcA concentrations of 1–2 mg  UDP-
lcA kg−1 fresh weight in A. thaliana extracts which is about a
actor 20–30 lower than UDP-Glc [10]. However, the dilution of the
xtract could be easily decreased if required. Potentially resulting
arry-over issues might be overcome by injection of blank samples
etween the experimental samples in this case. However, this was
ot done in the study at hand since the main interest was to quan-
ify UDP-Glc and enable the investigation of this important plant
etoxiﬁcation mechanism.
. Conclusions
A HILIC–LC–ESI-TQ–MS/MS method for the quantitative analy-
is of UDP-sugars and other polar analytes in less than 10 min  was
uccessfully developed. A zwitterionic stationary phase covalently
ttached to porous polymer beads was chosen for enhanced sep-
ration of highly polar analytes. The method was validated for its
se to analyze wheat samples, but might be applied for the anal-
sis of other plant extracts due to the simple sample preparation
rotocol. The practical application of the new method was demon-
trated by the measurement of wheat samples which were treated
ith either water (control), the plant pathogen F. graminearum,  or
he toxin deoxynivalenol. Based on the obtained concentrations
f UDP-glucose in the two different wheat lines we hypothesize
hat the higher ability to detoxify DON into DON-3-glucoside isemus’ (gray) and ‘CM-82036’ (black). ‘CM-82036’, which is highly resistant toward
e and is able to more efﬁciently detoxify DON into DON-3-glucoside.
caused by higher concentrations of the UDP-glucosyltransferase
co-substrate UDP-glucose in the more resistant cultivar.
Conﬂict of interest statement
The authors declare to have no conﬂict of interest.
Compliance with ethical standards
This article does not contain any studies with human or animal
subjects.
Acknowledgements
The authors would like to express their gratitude toward Dr.
Michael Sulyok and Dr. Bernhard Kluger for fruitful discussions and
Jacqueline Meng-Reiterer for providing barley material. This work
was supported by the Austrian Science Fund projects nos. F3706-
B11 and F3708-B11 (SFB Fusarium).
References
[1] M.  Bar-Peled, M.A. O’Neill, Plant nucleotide sugar formation, interconversion,
and salvage by sugar recycling, in: S.S. Merchant, W.R. Briggs, D. Ort (Eds.),
Annual Review of Plant Biology, vol. 62, Annual Reviews, Palo Alto, CA, 2011,
pp.  127–155.
[2] S. Endres, R. Tenhaken, Down-regulation of the myo-inositol oxygenase gene
family has no effect on cell wall composition in Arabidopsis, Planta 234 (2011)
157–169.
[3] R. Reboul, C. Geserick, M.  Pabst, B. Frey, D. Wittmann, U. Lütz-Meindl, R.
Léonard, R. Tenhaken, Down-regulation of UDP-glucuronic acid biosynthesis
leads to swollen plant cell walls and severe developmental defects associated
with changes in pectic polysaccharides, J. Biol. Chem. 286 (2011) 39982–39992.
atogr. 
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
metabolo-proteomic approach to decipher the mechanisms by which wheatB. Warth et al. / J. Chrom
[4] S. Cohen, L.P. Jordheim, M.  Megherbi, C. Dumontet, J. Guitton, Liquid chro-
matographic methods for the determination of endogenous nucleotides and
nucleotide analogs used in cancer therapy: a review, J. Chromatogr. B: Anal.
Technol. Biomed. Life Sci. 878 (2010) 1912–1928.
[5] J.B. Ritter, Y. Genzel, U. Reichl, High-performance anion-exchange chromatog-
raphy using on-line electrolytic eluent generation for the determination of
more than 25 intermediates from energy metabolism of mammalian cells in
culture, J. Chromatogr. B: Anal. Technol. Biomed. Life Sci. 843 (2006) 216–226.
[6] J. Ito, T. Herter, E.E.K. Baidoo, J. Lao, M.E. Vega-Sánchez, A. Michelle Smith-
Moritz, P.D. Adams, J.D. Keasling, B. Usadel, C.J. Petzold, J.L. Heazlewood,
Analysis of plant nucleotide sugars by hydrophilic interaction liquid chro-
matography and tandem mass spectrometry, Anal. Biochem. 448 (2014) 14–22.
[7] B.D. Gill, H.E. Indyk, Development and application of a liquid chromatographic
method for analysis of nucleotides and nucleosides in milk and infant formulas,
Int. Dairy J. 17 (2007) 596–605.
[8] M.  Pabst, J. Grass, R. Fischl, R. Léonard, C. Jin, G. Hinterkörner, N.
Borth, F. Altmann, Nucleotide and nucleotide sugar analysis by liquid
chromatography–electrospray ionization-mass spectrometry on surface-
conditioned porous graphitic carbon, Anal. Chem. 82 (2010) 9782–9788.
[9] T. Zhou, C.A. Lucy, Hydrophilic interaction chromatography of nucleotides and
their pathway intermediates on titania, J. Chromatogr. A 1187 (2008) 87–93.
10] R. Behmüller, I. Forstenlehner, R. Tenhaken, C. Huber, Quantitative HPLC–MS
analysis of nucleotide sugars in plant cells following off-line SPE sample prepa-
ration, Anal. Bioanal. Chem. 406 (2014) 3229–3237.
11] A.D. Garcia, J.L. Chavez, Y. Mechref, Sugar nucleotide quantiﬁcation using mul-
tiple reaction monitoring liquid chromatography/tandem mass spectrometry,
Rapid Commun. Mass Spectrom. 27 (2013) 1794–1800.
12] D. Moravcová, M.  Haapala, J. Planeta, T. Hyötyläinen, R. Kostiainen, S.K.
Wiedmer, Separation of nucleobases, nucleosides, and nucleotides using two
zwitterionic silica-based monolithic capillary columns coupled with tandem
mass spectrometry, J. Chromatogr. A 1373 (2014) 90–96.
13] D. García-Gómez, E. Rodríguez-Gonzalo, R. Carabias-Martínez, Stationary
phases for separation of nucleosides and nucleotides by hydrophilic interaction
liquid chromatography, TrAC Trends Anal. Chem. 47 (2013) 111–128.
14] H.P. Nguyen, K.A. Schug, The advantages of ESI-MS detection in conjunction
with HILIC mode separations: fundamentals and applications, J. Sep. Sci. 31
(2008) 1465–1480.
15] T.J. Causon, H.J. Cortes, R.A. Shellie, E.F. Hilder, Temperature pulsing for con-
trolling chromatographic resolution in capillary liquid chromatography, Anal.
Chem. 84 (2012) 3362–3368.
16] E. Johnsen, S.R. Wilson, I. Odsbu, A. Krapp, H. Malerod, K. Skarstad, E. Lun-
danes, Hydrophilic interaction chromatography of nucleoside triphosphates
with temperature as a separation parameter, J. Chromatogr. A 1218 (2011)
5981–5986.
17] W.  Goutier, P.A. Spaans, M.A.W. van der Neut, A.C. McCreary, J.H. Reinders,
Development and application of an LC–MS/MS method for measuring the effect
of  (partial) agonists on cAMP accumulation in vitro, J. Neurosci. Methods 188
(2010) 24–31.
18] B. Preinerstorfer, S. Schiesel, M.  Lämmerhofer, W.  Lindner, Metabolic proﬁling
of  intracellular metabolites in fermentation broths from -lactam antibiotics
production by liquid chromatography–tandem mass spectrometry methods, J.
Chromatogr. A 1217 (2010) 312–328.
19] L. Caputi, M.  Malnoy, V. Goremykin, S. Nikiforova, S. Martens, A genome-wide
phylogenetic reconstruction of family 1 UDP-glycosyltransferases revealed the
[A 1423 (2016) 183–189 189
expansion of the family during the adaptation of plants to life on land, Plant J.
69  (2012) 1030–1042.
20] M.  Lemmens, U. Scholz, F. Berthiller, C. Dall’Asta, A. Koutnik, R. Schuhmacher,
G.  Adam, H. Buerstmayr, Á. Mesterházy, R. Krska, P. Ruckenbauer, The ability to
detoxify the mycotoxin deoxynivalenol colocalizes with a major quantitative
trait locus for fusarium head blight resistance in wheat, Mol. Plant-Microbe
Interact. 18 (2005) 1318–1324.
21] B. Poppenberger, F. Berthiller, D. Lucyshyn, T. Sieberer, R. Schuhmacher, R.
Krska, K. Kuchler, J. Glössl, C. Luschnig, G. Adam, Detoxiﬁcation of the fusa-
rium mycotoxin deoxynivalenol by a UDP-glucosyltransferase from Arabidopsis
thaliana,  J. Biol. Chem. 278 (2003) 47905–47914.
22] S. Bak, S.M. Paquette, M.  Morant, A.V. Morant, S. Saito, N. Bjarnholt, M.  Zagro-
belny, K. Jørgensen, S. Osmani, H.T. Simonsen, R.S. Pérez, T.B. Van Heeswijck,
B.  Jørgensen, B.L. Møller, Cyanogenic glycosides: a case study for evolution and
application of cytochromes P450, Phytochem. Rev. 5 (2006) 309–329.
23] W.  Offen, C. Martinez-Fleites, M.  Yang, E. Kiat-Lim, B.G. Davis, C.A. Tarling,
C.M. Ford, D.J. Bowles, G.J. Davies, Structure of a ﬂavonoid glucosyltransferase
reveals the basis for plant natural product modiﬁcation, EMBO J. 25 (2006)
1396–1405.
24] F. Altpeter, U.K. Posselt, Production of high quantities of 3-acetyldeoxynivalenol
and deoxynivalenol, Appl. Microbiol. Biotechnol. 41 (1994) 384–387.
25] B. Kluger, C. Bueschl, M.  Lemmens, H. Michlmayr, A. Malachova, A. Koutnik,
I.  Maloku, F. Berthiller, G. Adam, R. Krska, R. Schuhmacher, Biotransformation
of the mycotoxin deoxynivalenol in fusarium resistant and susceptible near
isogenic wheat lines, PLoS ONE 10 (3) (2015) e011965.
26] B. Warth, A. Parich, C. Bueschl, D. Schoefbeck, N. Neumann, B. Kluger, K. Schus-
ter,  R. Krska, G. Adam, M.  Lemmens, R. Schuhmacher, GC–MS  based targeted
metabolic proﬁling identiﬁes changes in the wheat metabolome following
deoxynivalenol treatment, Metabolomics 11 (2015) 722–738.
27] B. Kluger, C. Bueschl, M.  Lemmens, F. Berthiller, G.  Häubl, G. Jaunecker, G.
Adam, R. Krska, R. Schuhmacher, Stable isotopic labelling-assisted untargeted
metabolic proﬁling reveals novel conjugates of the mycotoxin deoxynivalenol
in  wheat, Anal. Bioanal. Chem. 405 (2013) 5031–5036.
28] B. Warth, P. Fruhmann, G. Wiesenberger, B. Kluger, B. Sarkanj, M.  Lemmens,
C.  Hametner, J. Fröhlich, G. Adam, R. Krska, R. Schuhmacher, Deoxynivalenol-
sulfates: identiﬁcation and quantiﬁcation of novel conjugated (masked)
mycotoxins in wheat, Anal. Bioanal. Chem. 407 (2015) 1033–1039.
29] H. Michlmayr, A. Malachová, E. Varga, J. Kleinová, M.  Lemmens, S. Newmis-
ter,  I. Rayment, F. Berthiller, G. Adam, Biochemical characterization of a
recombinant UDP-glucosyltransferase from rice and enzymatic production of
deoxynivalenol-3-O--d-glucoside, Toxins 7 (2015) 2685–2700.
30] M.  Weis, E.K. Lim, N.C. Bruce, D.J. Bowles, Engineering and kinetic characterisa-
tion of two glucosyltransferases from Arabidopsis thaliana, Biochimie 90 (2008)
830–834.
31] K. Ghose, J. McCallum, M.  Sweeney-Nixon, B. Fofana, Histidine 352 (His352) and
tryptophan 355 (Trp355) are essential for ﬂax UGT74S1 glucosylation activity
toward secoisolariciresinol, PLoS ONE 10 (2015) e116248.
32] R. Gunnaiah, A.C. Kushalappa, R. Duggavathi, S. Fox, D.J. Somers, Integratedqtl (Fhb1) contributes to resistance against Fusarium graminearum, PLoS ONE
7  (7) (2012) e40695.
33] C.F. Jenner, The composition of soluble nucleotides in the developing wheat
grain, Plant Physiol. 43 (1968) 41–49.
